Major peptidoglycan transglycosylase activities, which synthesize uncross-linked peptidoglycan from lipid-linked precursors, were solubilized from the membranes of Staphylococcus aureus and Micrococcus luteus and were partially purified. The transglycosylase activities were separated from penicillin-binding proteins by solubilization and by purification steps. Therefore, we concluded that these activities were not activities of the penicillin-binding proteins, which are the presumptive peptidoglycan transpeptidases in these gram-positive cocci. Unlike Escherichia coli, in which the network structure of peptidoglycan is synthesized by multiple two-headed penicillin-binding proteins with both transpeptidase and transglycosylase activities, these gram-positive cocci have cell wall peptidoglycan which seems to be synthesized by penicillin-binding protein transpeptidases and a separate transglycosylase.
Transglycosylase activities which form uncross-linked peptidoglycan from lipid-linked precursors were found in the membrane fractions of Staphylococcus aureus and Micrococcus luteus (Micrococcus lysodeikticus) by Anderson et al. in 1965 (1) . The immediate precursor of peptidoglycan in S. aureus is supposed to be N-acetylglucosamyl-N-acetyl- (14, 20) , and that in M. luteus is supposed to be N-acetylglucosamyl-N-acetylmuramyl-L-alanyl-D-glutamyl-ao-glycine--y-L-lysyl-D-alanyl-D-alanine-PP-undecaprenol (6, 11) . However, their common lipidlinked precursor with unmodified pentapeptide, L-alanyl-Dglutamyl-L-lysyl-D-alanyl-D-alanine, which is formed at an early stage of precursor formation, can also be utilized in formation of peptidoglycans in the two organisms (1, 11, 14) . The products of the reactions were uncross-linked peptidoglycans, and no cross-linked peptidoglycans could be obtained in vitro when the membrane fractions of the two gram-positive cocci were used as enzymes (11, 14) . Studies of S. aureus (17) and M. luteus (16) indicated that a more highly organized membrane system associated with fragments of cell walls is necessary for the synthesis of crosslinked peptidoglycan from UDP-linked precursors with a concomitant release of D-alanine. These cross-linking reactions are penicillin sensitive (16, 17) .
muramyl-L-alanyl-D-isoglutaminyl-NM-pentaglycyl-L-lysyl-D-alanyl-D-alanine-PP-undecaprenol
In gram-negative Escherichia coli, cross-linked peptidoglycan has been synthesized in vitro with menmbranes (9) .
Moreover, recently it was found that single molecules of certain penicillin-binding proteins (PBPs) can carry out the synthesis of both glycan chains and peptide cross-bridges of the peptidoglycart network (7, 8, 18, 19) and that no primer cell wall fragments are required for de novo synthesis of peptidoglycan by these PBPs.
Therefore, we attempted to isolate peptidoglycan-synthesizing enzyme activities from S. aureus and M. luteus to determine whether the transglycosylase and transpeptidase activities in these bacteria are also associated as a single molecule of PBP, as in E. coli, or whether they are separate enzymes.
* Corresponding author. (1, 9, 11, 14) . The resulting preparations may be regarded as "particulate enzymes"
MATERIALS AND METHODS
(1).
Extraction of transglycosylase activities with detergents. Suspensions of the membranes in buffer A (about 20 mg of protein per ml) were mixed with an equal volume of detergent solution and incubated for 40 min at 0 to 4°C with occasional shaking. The extract and residue were separated by centrifugation at 100,000 x g for 30 min at 4°C. In the present work, extraction was carried out with 1% (wt/vol, final concentration) Triton X-100. When necessary, the residual fraction was reextracted with a solution of 1% Triton X-100 in 1 M NaCl in the same way as before. For column chromatographies, extracts were dialyzed against 20 mM Tris-hydrochloride buffer (pH 7.5) containing 0.1 mM MgCl2 and 0.5% Triton X-100 (staphylococcal enzyme) or 50 mM Tris-hydrochloride buffer (pH 7.5) containing the same supplements (micrococcal enzyme).
Assay of peptidoglycan transglycosylase activity. Activity for synthesis of peptidoglycan (transglycosylase) was measured by treating the enzyme with a radiolabeled lipid-linked precursor on the surface of filter paper (15) luteus) Tris-hydrochloride buffer (pH 8.5), 9.5 mM (S. aureus) or 29 mM (M. luteus) MgCl2, 1.4 mM 2-mercaptoethanol, 0.14 to 0.57% Triton X-100 as indicated below, and 2 to 200 ,ug of enzyme (as protein). The mixture was spotted on Whatman 3MM filter paper, partially dried at room temperature (about 10 min), and kept in a humid chamber at 37°C unless otherwise indicated. The paper was then rapidly dried at 37°C (for about 2 min) and subjected to paper chromatography with isobutyric acid-1 M ammonia (1:0.6) as the solvent. Peptidoglycan at the origin and lipid-linked precursor close to the solvent front (Rf = 0.9) were located in a radiochromatogram spark chamber (Birchover Instruments) and counted in a liquid scintillator.
Detection of PBPs. PBPs were detected by treating the fractions with [14C]penicillin G (60 Ci/mol; Radiochemical Centre) and separating the mixture by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and fluorography essentially as described for E. coli (22, 26) , except that the treatment with sodium N-dodecyl sarcosinate to remove the outer membranes of gram-negative bacteria was omitted.
iSustrates and reagents. The lipid-linked precursor N-ace- ) by a membrane preparation of S. aureus in the presence of staphylococcal tRNAs, ATP, chloramphenicol, and n-octanol essentially as described previously (11) . The number of glycine molecules attached to L-lysine was previously estimated to be three to six (10) . The lipid-linked precursor(s) was extracted from membranes and purified as described previously (23) . Weakacid hydrolysis (0.01 M HCl, 100°C for 20 min) of the lipid-linked precursor(s) resulted in formation of radioactive products with high and broad mobilities on paper chromatography (solvent, isobutyric acid-1 M ammonia [1:0.6]), suggesting that the precursor preparation was a mixture of amidated and nonamidated lipid-linked disaccharide peptides with oligoglycines of different chain lengths (10, 20) . Moenomycin was obtained from Hoechst Ltd., and macarbomycin was from Meiji Seika Co. DEAE-cellulose (DE52; Whatman) and activated CH-Sepharose 4B (Pharmacia Fine Chemicals), from which ampicillin-CH-Sepharose was prepared, were commercial products.
RESULTS
Properties of solubilized and partially purified transglycosylases. Peptidoglycan transglycosylase activities that catalyze the synthesis of peptidoglycan from the lipid-linked precursor could be solubilized and partially purified from the membrapes of S. aureus and M. luteus. The lipid-linked
used as a substrate for both the staphylococcal and micrococcal enzymes. The actual lipid-linked precursor for the micrococcal enzyme (11) , which has a glycine substitution at the oa-carboxyl group of D-glutamic acid but does not have substitutions at the c-amino group of L-lysine, was not tested in the present work. The solubilized transglycosylase activities required the presence of filter paper for the reaction as originally observed with the membranes of S. aureus and M. luteus (15) (27) and macarbomycin (25) , which are inhibitors of peptidoglycan synthesis in bacteria. As shown in Fig. 2A , staphylococcal transglycosylase activity was inhibited almost completely by the two antibiotics at a concentration as low as 0.1 ,ug/ml, which was about the minimum effective concentration of these antibiotics for inhibition of growth of the same staphylococcal strain measured in the serial dilution test on agar plates.
On the contrary, the transglycosylase activity of M. luteus SM1 was not inhibited at all by 500 ,ug of moenomycin per ml and was only slightly inhibited by macarbomycin at the same concentration (Fig. 2B) . However, the minimum inhibitory concentration for the same micrococcal strain measured as above was 10 ,ug/ml for both antibiotics.
Solubilities of the transglycosylase activities and PBPs in membranes of S. aureus and M. Iuteus. The transglycosylase activity of S. aureus could be solubilized from the membranes with 1% Triton X-100 (Table 1) , whereas its PBPs mostly remained in the residue on this treatment and were extracted from the residue with 1% Triton X-100 in the presence of 1 M NaCl (Fig. 3) . Micrococcal transglycosylase activity and PBPs 1 to 6 were all solubilized with 1% Triton X-100 in the absence of NaCl.
Separation 20 , PBPs 2 and 3 in flowthrough fractions 2 to 6 and fractions 10 to 17 with a main peak in fraction 11, and PBP 4 in flow-through fractions and fractions 10 to 17 (Fig. 4A) . Three new minor PBPs that were located between PBPs 3 and 4 on a sodium dodecyl sulfatepolyacrylamide electrophoresis gel appeared in fractions 13 to 16 . The transglycosylase activity in fraction 12 (235 pmol of disaccharide unit incorporated into peptidoglycan per mg of protein per h) was about 40 times that in the crude membranes (6 pmol/mg per h), and the yield of the transglycosylase activity after DEAE-cellulose chromatography (fractions 11 to 16) was calculated to be 84%.
Chromatographic separation of the activities of transglycosylase and PBPs of M. luteus was performed in a similar way. The results in Fig. 4B show that the transglycosylase activity was eluted mainly in fractions 13 Ampicillin-affinity column chromatography. All of the staphylococcal and micrococcal PBPs could be adsorbed completely on a column of ampicillin-CH-Sepharose and eluted by treatment with 1 M hydroxylamine at 30°C (Fig. 5) . The transglycosylase activities in the detergent extracts of the staphylococcal and micrococcal membranes and in the fractions from DEAE-cellulose columns were not adsorbed but appeared in flow-through fractions (Fig. 5) . DISCUSSION In gram-negative E. coli, higher-molecular-weight PBPs play essential roles in the process of cell duplication (21, 24, 26) . Recently, dual enzyme activities for peptidoglycan synthesis were found in E. coli PBPs IA (8) , lBs (18) (19) , and 3 (7) . Each of these proteins shows activities for both transglycosylase and transpeptidase, which together carry out the synthesis of the cross-linked network of peptidoglycan from the lipid-linked precursor in cell walls and septa.
The present results on gram-positive S. aureus and M.
luteus, showing the separation of the major transglycosylase activities from PBPs, suggest that the mechanism of peptidoglycan synthesis in these gram-positive cocci is different from that in E. coli. In S. aureus, the activity of transglycosylase was separated from the PBPs by adsorption on an ampicillin-Sepharose column, and this conclusion was supported by two other independent procedures: fractional solubilization with a detergent and DEAE-cellulose column chromatography. Thus, it is highly probable that the major transglycosylase activity in S. aureus, which is measurable in normal assay conditions, is not a property of PBPs in this bacterium. Although it is possible that the PBPs still possess slight transglycosylase activity that is not measurable by the above assay method, it seems probable that transglycosylation, which synthesizes uncross-linked peptidoglycan strands, and transpeptidation, which cross-links them, are carried out by separate enzymes. The correlations of the half-inhibitory concentrations of moenomycin and macarbomycin on transglycosylase activity with their minimum inhibitory concentrations suggest that the transglycosylase measured is the killing target of these antibiotics and that the transglycosylase activity that is not a PBP is essential in the biosynthesis of peptidoglycan in living staphylococcal cells. Isolation of a mutant with altered sensitivities to these antibiotics of its transglycosylase activity in vitro and cell growth in vivo is required for a final conclusion on this point.
The physiological functions of PBPs in S. aureus have been studied by several investigators (2, 4, 5, 13, 28) . Studies with methicillin-resistant strains of S. aureus have suggested that the higher-molecular-weight PBPs 1 to 3 or any one of them may be the target(s) of this ,B-lactam antibiotic and probably function in forming the cross-linkage of the peptidoglycan (4, 5) . The lowest-molecular-weight PBP, PBP 4,  which has activities of DD-carboxypeptidase and penicillinase (13) , is thought to be involved in the secondary crosslinking of peptidoglycan because the lack or inhibition of this enzyme causes formation of a hypocross-linked cell wall but is not lethal to the cells (2, 28) .
Results for M. luteus are more confusing. Complete separation of its major transglycosylase activity from the PBPs could only be achieved by adsorption on an ampicillinaffinity column, and the inhibitory concentrations of the transglycosylase inhibitors moenomycin and macarbomycin for the micrococcal transglycosylase activity in vitro were very high (more than 500 ,ug/ml), whereas the in vivo minimum inhibitory concentration was 10 ,ug/ml. Since the micrococcal transglycosylae activity is barely affected at this level, we might have to suspect that the antibiotic is affecting another enzyme, possibly another peptidoglycan transglycosylase. Further work is necessary. Transglycosylase activity was measured as described in the text in the presence of 0.29% (wt/vol) Triton X-100, and PBPs were detected by fluorography of the sodium dodecyl sulfate-polyacrylamide gel. (B) Extract of M. luteus membranes with buffer A containing 1% Triton X-100 (2.8 mg of protein per ml) diluted with an equal volume of buffer A and 4 ml of the solution (5.6 mg of protein) and applied to a column (0.6 by 25 cm) of DEAE-cellulose DE52, chloride form, which was equilibrated with a solution of buffer A containing 0.5% Triton X-100. The column was washed with 8 ml of the same buffer solution (fractions 2 and 3), and proteins were eluted with the buffer solution containing a linearly increasing concentration gradient of NaCl. Samples of 1 Volumes (4 ml) of extracts of the membranes in 50 mM Trishydrochloride buffer (pH 7.5)-0.1 mM MgCl2-1% (wt/vol) Triton X-100-1 M NaCl containing 19.3 mg of S. aureus or 13.7 mg of M. luteus proteins were mixed with 0.2 ml (S. aureus) or 0.1 ml (M. luteus) of a suspension of ampicillin-CH-Sepharose which had been washed with buffer A containing 1 M NaCl and 1% (wt/vol) Triton X-100. The mixtures were kept at 30°C for 30 min and then drained in a column to obtain the flow-through fraction (fraction 1). The columns were washed with 6 ml of buffer A containing 1% (wt/vol) Triton X-100 and 1 M NaCl (fractions 2 to 5), suspended in 0.5 ml of 0.5 M Tris-hydrochloride buffer (pH 7.6) containing 1% Triton X-100 and 1 M hydroxylamine for 10 min at 30°C, and drained (fraction 6). The procedure of elution of proteins with hydroxylamine was repeated once more for 120 min at 30°C (fraction 7). The fractions from the columns were dialyzed against buffer A containing 1% Triton X-100 at 0°C for 4 h. Transglycosylase activity was measured as described in the text for 1 h with a final Triton X-100 concentration of 0.29% (wt/vol) for S. aureus and 0.43% (wt/vol) for M. luteus. 
